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BACKGROUND OF THE INVENTION 



1. Related Applications 

[01] This application claims the benefit of U.S. Provisional Patent Application Serial No. 
60/445,963, filed February 7, 2003, entitled "Calibration and Transfer Function Determination 
for Bidirectional Actuation in Storage Systems," which is incorporated herein by reference. 

2. The Field of the Invention 

[02] The present invention relates to data storage on rotating magnetic storage devices. More 
specifically, the present invention relates to methods used in calibrating and selectively 
positioning a bi-directional recording head in a magnetic storage device to enable greater 
positional accuracy during device operation. 

3. The Related Technology 

[03] During recent years, there has been a steady improvement in the volume of data that can 
be stored on magnetic storage media, such as hard disk drives used in computers. Today, a 




2 g o§5 

§ < " < ability to store large volumes of data inexpensively has been a driving factor in the information 



technology revolution during recent decades. 



- Page 2 - 



Docket No. 15796.3.1 



[04] Conventional storage media include solid-state devices, drive arrays (RAID), single 
rotating magnetic disk drives, and removable optical media. Figure 1 is a graph that illustrates 
tradeoffs between performance and cost associated with typical storage media used in 
combination with computers. As shown, removable optical storage devices, such as optical read- 
only or read-write disks, generally provide the least expensive alternative for storing large 
amounts of data. However, single rotating magnetic devices, such as hard disk drives used in 
large numbers of personal computers, provide mass storage that is almost as cost effective as 
removable optical devices, but with better performance. In this context, the term "performance" 
relates primarily to the reliability and access times associated with the various storage media. As 
shown in Figure 1, however, the performance of single rotating magnetic storage devices is 
increasing less rapidly than the performance of RAID and solid-state devices. 
[05] Although magnetic storage devices are widely used and have become significantly less 
expensive during recent years, a number of technological hurdles have been encountered, which 
threaten to reduce the rate at which future improvements in cost and performance will occur. 
Figure 2 is a perspective view of a conventional magnetic storage device. Magnetic disk drive 
10 includes a rotating magnetic storage medium 12 that, as mentioned above, can store tens of 
gigabytes of data in an area of only a few square inches. A head gimble assembly 14 ("HGA") 
_ positions a recording head 16 with a transducer in close proximity to the surface of the magnetic 

^ ^ 5, 

<gs= storage medium 12 to enable data to be read from and written to the storage medium. An 

H W H b 

< H x ~* 

M < b > 

|ggb actuator assembly 18 rotates the HGA 14 during operation to position the transducer of the 

iiis 

< | 2 h recording head 16 at the proper location over the rotating magnetic storage medium 12. 

CO 

[06] One of the most significant problems that has arisen in the effort to improve capacity and 
performance in magnetic storage devices is track following, or the ability to quickly and reliably 
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position the transducer of the recording head 16 over the appropriate track on the magnetic 
storage medium 12. In conventional devices, the actuator assembly 18 includes a voice coil that 
uses a feedback loop based on servo tracks that are embedded between the data tracks on the 
magnetic storage medium 12. The track pitch {i.e., the spacing between adjacent tracks) of the 
storage medium 12 in conventional devices is as low as .2 microns. At such small track pitches, 
non-repeatable motions of the rotating magnetic storage medium 12, the HGA 14, and the other 
mechanical components of disk drive 10 make it increasingly difficult to reliably follow the data 
tracks on the magnetic storage medium. For example, in devices having an HGA 14 with a 
length of 1 .5 inches to the recording head 1 6 and a track pitch of .2 microns, the angular position 
of the head gimble assembly needs to have resolution better than 33 millionths of an arc second 
in order to adequately follow the tracks on the magnetic storage medium 12. Efforts to achieve 
adequate track following have included the use of smaller disks for high speed drives, fluid 
motors for improved damping, and active rotational feedback sensors using negative feedback 
algorithms. However, the use of such techniques can lead to either the loss of capacity or are 
only temporary solutions to this problem, as track pitches continue to decrease. 
[07J A closely related problem is that of the settling time and performance, which relates to 
the ability to stabilize the recording head over a track. The settling time is dictated by the inertial 
w - loads and the exciting resonant frequencies associated with the act of accessing a selected track, 
g § 5 o s = the amount of damping in the HGA 14, and the servo bandwidth. These factors are generally 

o < h x b 

H n < r 



£ 1 1 g § g limited by the resonant frequencies in the arm of the HGA 14. Thus, settling times have not 
2 o z 1 £ ^ significantly improved in the last several generations of drives in view of the fundamental 
> limitations on the mechanics of drives that use a recording head 16 controlled by an HGA 14 and 

an actuator assembly 18, as shown in Figure 2. 
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[08] As both the track pitch and the size of sector regions on the magnetic media used to 
physically record bits of data have decreased, transducers in disk drives have been required to be 
positioned closer to the surface of the magnetic storage device. A representation of the distance 
between the transducer and the surface of the magnetic storage medium, referred to as the fly 
height 22, is shown in Figure 3. Current fly heights are now as small as 50 Angstroms (A) in 
high capacity disk drives. The fly height is dictated by the fundamental resolution requirements 
associated with the magnetic storage device, which is a function of the track pitch and the size of 
the regions on which bits of data are physically recorded. If the fly height becomes too large 
during operation, the transducer becomes unable to resolve bits encoded in the storage medium. 
On the other hand, if the transducer is brought into physical contact with the optical storage 
medium, which can be traveling at speeds on the order of 100 miles per hour, both the transducer 
and the storage device can be damaged. 

[09] The fly height has been controlled in conventional devices by improving the 
manufacturing tolerances, by designing a highly rigid and dampened HGA 14, and by the use of 
air bearings associated with the recording heads 16. An air bearing is a cushion or layer of air 
that develops between the surface of the magnetic storage medium and the adjacent surface of 
the transducer as the storage medium moves underneath the transducer, 
w - [010] As noted above, as the fly heights required in magnetic storage devices have decreased, 
g g < o s x the problem of transducer damage from excessive media contact has become more pronounced. 

| H W H b 

C g < h x = 

z lSg§fc Current giant magnetoresistance ("GMR") and tunneling magnetoresistance ("TMR") transducer 

g g Z j U 

2 1 % 1 1 fj heads are sensitive to being damaged if excessive contact with the storage medium is 
> experienced. One related problem is that conventional transducer designs often lead to thermal 

pole tip protrusion, which occurs when the transducer is heated and the tip, or pole, of the 
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transducer extends and protrudes beyond the plane of the transducer. Thermal pole tip 
protrusion can aggravate the contact of the transducer with the storage medium and can lead to 
increased or more rapid damage of the transducer. 

[Oil] These problems currently facing the magnetic storage device industry threaten to impede 
the ongoing progress in reliability, performance, and cost that has been achieved during recent 
years. Although many of these problems can be overcome to some degree using conventional 
head gimble assembly designs, it is unlikely that these problems can be successfully overcome 
while keeping costs for disk drive users down. 

[012] One approach that is currently being developed to lessen the effects of the challenges 
discussed above involves a technique called second stage actuation. Second state actuation 
systems use a dual actuation method for controlling the horizontal tracking position of the head 
over a servo mark positioned on the surface of the storage medium. A coarse actuator, similar to 
a HGA, positions the recording head to a global position, and a fine actuator with a single, 
horizontal degree of freedom at the head positions the head and transducer to a fine position. 
While this technique can be adequately practiced in connection with previous versions of 
magnetic storage media, the increased density on newer discs requires closer tolerances on the 
fly height, as discussed above. As the fly heights of newer storage systems continually decrease, 



pq _ second stage actuation technology becomes increasingly inadequate, particularly in light of the 
n 1 5 2 1 3g fact that transducer positioning is limited to adjustment in only the horizontal direction. 




include calculations involving capacitance, ratios of certain harmonic amplitudes, and vibrational 
aspects of piezo-electric devices mounted on the recording head. However, these methods have 
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proven inadequate in precisely controlling and calibrating fly height and other possible 
movements of the recording head in newer magnetic storage devices. 
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SUMMARY OF SELECTED EMBODIMENTS OF THE INVENTION 
[014] The present invention generally relates to improving the performance and use of 
magnetic storage media, such as hard disk drives. More specifically, the present invention is 
directed to various methods that can be used in calibrating the movement of a recording head 
with respect to a surface of a magnetic medium within a hard disk drive. Such drives are used, 
for instance, in a variety of computing devices, including personal computers, servers, database 
storage devices, consumer electronics, etc. 

[015] Embodiments of the present invention are preferably practiced in connection with a hard 
disk drive or other magnetic storage device having a precision recording head. The precision 
recording head is moved over a magnetic medium by a coarse actuator. The precision recording 
head further includes a transducer contained within a bi-directional micropositioner that can be 
moved independently of the coarse actuator in two orthogonal directions with respect to the 
magnetic medium surface, thereby enabling, together with the coarse actuator, precise 
positioning of the transducer over a selected segment of the magnetic medium surface. 
[016] The precision recording head discussed above introduces various unique challenges 
regarding calibration of the micropositioner and transducer in a vertical ("fly height") direction 
and a lateral ("track-to-track") direction with respect to the magnetic medium surface. By 
§j _ employing one or more of the calibration techniques as disclosed herein, information regarding 
q 1 5 g | % the movement and position of the micropositioner with respect to the magnetic medium i 



in 
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Zlggsfc response to various inputs and conditions can be acquired, which information can then be used to 
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; g < 8 © z control the positioning of the micropositioner during operation of the disk drive. 

CCj cu ° so _j 

0< 3S 

> [017] In one embodiment, vertical fly height calibration data are acquired by repeatedly passing 

the recording head over a plurality of varying ridge-encircled depressions formed at specified 
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portions of the surface of the magnetic medium, which in the case of a hard disk drive, is a 
rotating disk. While this is done, the micropositioner is activated to drop the transducer 
successively closer to the magnetic medium surface, and hence closer to the ridges of each 
depression. With each incremental drop toward the magnetic medium surface, a corresponding 
drop in resistance of a current passed through the transducer is measured and recorded. Upon the 
gathering of a sufficient amount of these data, extrapolation means can be used to determine the 
dependence of micropositioner actuation and correspondent movement of the micropositioner. 
This can then be used to determine desired positioning of the transducer via micropositioner 
actuation. 

[018] In one embodiment, lateral track-to-track calibration data of the micropositioner are 
acquired in a similar manner to that described above. In detail, the recording head of the hard 
disk drive is successively passed over a series of magnetic bits that are arranged on the magnetic 
medium surface separate from or in conjunction with the ridge-encircled depressions used above. 
The magnetic bits are read by the transducer as the micropositioner passes over the bits. 
Variation in transducer voltage amplitude as the successive bits are read is charted against 
similar readings obtained with additional passes of the head over the bits at different lateral 
positions. The data gathered by this method are used to calibrate track-to-track movement of the 

w - micropositioner in response to various micropositioner movements. This can then be used to 

n 1 Sgl 

q i 3 8 1 < determine desired positioning of the transducer located in the micropositioner. 

C R < H x 3 
A* j ™ < b > 

£|SS§£ [019] In additional embodiments, other techniques are used to determine and account for 

2 g < 1 1 secondary factors that can affect calibration and movement of the micropositioner over the 

O ^ ~ * * 



> magnetic medium. These factors include temperature and pressure conditions existing in the 

hard disk drive, among others. 
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[020] In one embodiment, interpolation and extrapolation methods can be employed to 
determine desired fly height and track-to-track micropositioner motions that are not specifically 
determined during the calibration phases discussed above. Also, periodic re-calibration of the fly 
height and track-to-track micropositioner movements can take place during drive operation to 
account for and correct drift that can occur over time. 

[021] Additional features and advantages of the invention will be set forth in the description 
which follows, and in part will be obvious from the description, or may be learned by the 
practice of the invention. The features and advantages of the invention may be realized and 
obtained by means of the instruments and combinations particularly pointed out in the appended 
claims. These and other features of the present invention will become more fully apparent from 
the following description and appended claims, or may be learned by the practice of the 
invention as set forth hereinafter. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[022] In order that the manner in which the advantages and features of the invention are 
obtained, a particular description of the invention will be rendered by reference to specific 
embodiments thereof which are illustrated in the appended drawings. Understanding that these 
drawings depict only typical embodiments of the invention and are not, therefore, intended to be 
considered limiting of its scope, the invention will be described and explained with additional 
specificity and detail through the use of the accompanying drawings in which: 
[023] Figure 1 is a graph that depicts relative cost and performance values of conventional data 
storage device technologies. 

[024] Figure 2 is a perspective view of a conventional disk drive and head gimble assembly; 
[025] Figure 3 is a perspective view of the recording head/magnetic storage medium interface 
of a conventional disk drive; 

[026] Figure 4 is a perspective view of a portion of a recording head including a bi-directional 
micropositioner that is calibrated according to one embodiment; 

[027] Figure 5 is a front view of the interface between the micropositioner of Figure 4 and the 
surface of a magnetic storage medium, indicating the lateral track-to-track and vertical fly height 
directions of possible micropositioner movement; 

pq _ [028] Figure 6a is a front view of the micropositioner of Figure 4, illustrating various details 

n 1 §H i 

g | < o 2 x regarding possible directions of micropositioner movement; 
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[030] Figure 7a is a cross-sectional view of a transducer positioned in the micropositioner of 
Figure 4, illustrating various details regarding heat transfer between a transducer and the surface 
of the magnetic storage medium; 

[031] Figure 7b is a graph charting transducer resistance versus micropositioner fly height in 
accordance with one embodiment; 

[032] Figure 8a is a top view of a plurality of depressions that are formed on the surface of the 
magnetic storage medium for use in calibrating the fly height of the micropositioner according to 
one embodiment; 

[033] Figure 8b is a perspective cutaway view of the surface of the magnetic storage medium of 
Figure 8a, including one of the plurality of depressions shown in Figure 8a; 
[034] Figure 8c is a cross-sectional side view of a row of depressions formed on the surface of 
the magnetic storage medium as in Figure 8a, the depressions having progressively differing 
shapes with respect to one another; 

[035] Figure 8d is a cross-sectional side view of a row of depressions formed on the surface of 
the magnetic storage medium as in Figure 8a, the depressions having a uniform shape with 
respect to one another; 

[036] Figure 9 is a graph showing - ln[(R^ - R) \(R m - R<J] versus depression ridge height 

w ~ according to one embodiment; 

^ < £ % 

q o 3 g § < [° 37 1 Figure 10 is a top view of the surface of the magnetic storage medium, showing various 
55 I i S § E regions of depressions as depicted in Figure 8a, as well as a plurality of magnetic bit zones, 

M I < S o 5 according to one embodiment of the invention; 

2 £ ° o 2 
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[038] Figure 1 1 is a top view of the surface of the magnetic storage medium shown in Figure 

10, including a close-up view of a series of elongated magnetic bits for use in calibrating the 

track-to-track motion of the micropositioner according to one embodiment; 

[039] Figure 12 is a graph showing transducer amplitude versus recording head position 

relating to the calibration of track-to-track motion of the micropositioner according to one 

embodiment; 

[040] Figure 1 3 is a graph showing corrected transducer amplitude versus recording head 
position relating to the calibration of the track-to-track motion of the micropositioner according 
to one embodiment; 

[041] Figure 14 is a graph showing fly height versus micropositioner current at variant 
temperatures; and 

[042] Figure 1 5 is a graph showing possible fly height drift over time. 
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DETAILED DESCRIPTION OF SELECTED EMBODIMENTS 
[043] Reference will now be made to figures wherein like structures will be provided with 
like reference designations. It is understood that the drawings are diagrammatic and schematic 
representations of presently preferred embodiments of the invention, and are not limiting of the 
present invention nor are they necessarily drawn to scale. 

[044] Figures 1-15 depict various features of embodiments of the present invention, which is 
generally directed to structures and methods of calibrating the position of portions of a recording 
head with respect to a magnetic medium, such as a rotating disk, in a magnetic storage device. 
Examples of magnetic storage devices can include a hard disk drive used in one of a variety of 
electronic products. In particular, the calibrating methods disclosed herein are preferably 
directed for use in calibrating and positioning a recording head having an integrated, bi- 
directional micropositioner. The micropositioner is configured to be selectively moved in two 
orthogonal directions with respect to the surface of the magnetic medium, thereby enabling 
greater precision in positioning a transducer located in the micropositioner near the magnetic 
medium surface. Calibration of the micropositioner with respect to these two orthogonal 
directions allows for transducer positioning precision not possible in known devices. 
[045] While Figures 2 and 3 illustrate conventional disk drives, these figures set forth a 
3 _ convention regarding a frame of reference that is useful in describing the methods of positioning 

§ § < o i x and calibrating the transducers of the recording heads. As shown in Figure 2, a rotating magnetic 

C R < s x b 

£z|S§g storage medium 12 rotates counterclockwise, such that elements on the storage medium that 

2 §5 g 23 encode individual bits of data travel under the recording head 16 in a direction that is 

2 s 2 ° -J 

> substantially parallel to the longitudinal axis of the arm of the head/gimble assembly ("HGA") 

14. In other words, a particular track of the magnetic storage medium 12, which is concentric 
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with the circumference of the magnetic storage medium, is substantially tangent to the 
longitudinal axis of the HGA 14 when the track is positioned under recording head 16. This 
motion of the magnetic storage medium 12 with respect to the HGA 14 defines a trailing edge or 
surface of the recording head 16 that is distal from the axis of rotation of the HGA 14. 
[046] Figure 3 is a perspective view of the recording head, and shows an elevation of the 
trailing surface of the recording head 16. In Figure 3, the motion of the illustrated portion of the 
magnetic storage medium 12 during operation is generally in the y direction, while the 
orientation of the data tracks of this portion of the magnetic storage medium is likewise 
substantially in the y direction. As shown in Figure 3, the z direction is defined to be 
perpendicular to the surface of the magnetic storage medium 12. The x direction is defined to be 
substantially perpendicular to or lateral with respect to the orientation of the tracks. In other 
words, motion in the x direction can cause the transducer to be laterally moved between tracks or 
to be centered over a track; thus movement in the x direction is known as track-to-track 
movement. Because of the small angles involved, the motion of the transducer can be 
considered to be a translation in the x direction, regardless of whether the motion is a result of 
the actuation of the micropositioner integrated into the slider body of the recording head 16 or 
motion associated with the rotation of the HGA 14 about the axis of rotation of the HGA 14. 
yq _ The y axis is defined to be perpendicular to both the x and z axes as shown in Figure 3. 

^ < £ £ of 

Qo5g|^ [047] Figure 3 also illustrates a fly height 22, which is defined to be the distance in the z 

z 2 5 < 35 - 

Z 1 1 2 o g direction between the surface 24 of the magnetic storage medium 12 and the adjacent bottom, or 

^ 2 2 q j_ 

uJ ^ <! • 

3 g < | o h air bearing, surface 26 of the recording head transducer. Figure 3 illustrates the general position 
> of a transducer in region 19 and the relationship thereof to the x, y and z axes and the fly height 

22. 
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[048] The definitions and descriptions to track-to-track, fly height and related concepts as 
described above are applied in the following discussion in describing various features of 
embodiments of the present invention. Note that the principles of the present invention to be 
described below can be reliably used with existing recording media as well as with higher 
density recording media that will be developed in the future. Also, the discussion to follow 
focuses on the interaction of a recording head with a top surface of a magnetic storage medium. 
In other embodiments, however, it should be appreciated that magnetic storage devices having a 
plurality of recording heads operating in conjunction with a plurality of magnetic storage 
medium surfaces can also benefit from the present invention. Thus, the description contained 
herein is merely illustrative of the broader concepts encompassed by the present invention, and is 
not meant to limit the present invention in any way. 

[049] Reference is now made to Figure 4, which shows an exploded perspective view of a 
portion of a micropositioning recording head that can be calibrated and positioned using 
techniques as disclosed in embodiments of the present invention. As such, the recording head to 
be described here is merely exemplary of those recording heads that can benefit from the 
methods and techniques described herein, and is not meant to confine the invention to only the 
illustrated implementation. A recording head 30 is depicted and forms a component of magnetic 
w _ storage device, such as a hard disk drive (not shown) for use in reading and writing data to a 
n o 5 g S % magnetic medium (not shown here). The recording head 30 includes a slider body 32 having a 

tj | H W H b 
O < H *E 

£ j M < fc > 

fcSgjSgg trailing surface 34 as shown in Figure 4. Slider body 32 is formed, for example, from alumina, 

j> bj h bj <; <; 

s S < § 2 h alumina/Tic, another ceramic material, silicon, or silicon plus additional embedded circuitry. 
> The slider body 32 has an air bearing surface 36, which, as shown in Figure 4, is positioned 

opposite a top surface 38. The air bearing surface 36 defines an air bearing plane and maintains 
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an appropriate fly height by the generation of an air bearing or air cushion between the air 
bearing surface and the adjacent surface of the magnetic storage medium. 
[050] At or near the trailing surface 34, slider body 32 has integrated therein a micropositioner 
40 that controls the position and motion of a corresponding transducer body 42. Micropositioner 
40 can be implemented using microelectromechanical systems (MEMS), which use magnetic 
forces to close a gap between two components that move with respect to each other, or other 
suitable configuration. 

[051] As shown in Figure 4, the micropositioner 40 includes a pair of toroidal coils 44 that are 
positioned at opposite ends of a cavity 46 formed in trailing surface 34. As will be explained in 
greater detail below, toroidal coils 44 can be used to induce a magnetic flux that causes the 
transducer body 42 to be selectively moved and positioned in either the x or z directions. 
[052] Figure 4 also illustrates various details regarding the transducer body 42, which is a 
discrete component that is movably connected to the slider body 32 in order to permit bi- 
directional motion in the z and x directions, shown in Figure 4, of a transducer 43 positioned in 
the transducer body 42. The transducer 43 here includes both a write element and a read element 
for respectively encoding and decoding magnetic data to and from a magnetic medium surface, 
such as that shown at 47 in Figure 5. 
w _ [053] The exemplary transducer body 42 of Figure 4 is eutectically or otherwise bonded to a 
q o 5 g | % plurality of flexible posts or flexure members 48 positioned in cavity 46. It is noted that, in the 

C £ H w h b 

<" O < H -c -J 



£l!S§5 embodiment of Figure 2, flexible posts 48 have longitudinal axes that are aligned in the y 
3 1 < 8 2 £ direction, or the direction perpendicular to the trailing surface 34. When connected to flexible 

n> £ o « j 

> posts 48, transducer body 42 can move in the z or x directions under the control of the toroidal 

coils 44 as the flexible posts 48 deflect under the forces generated by the coils. Movement of the 
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transducer body 42 can be in the z direction only, the x direction only, or in a direction that is 
some combination of the z and x directions. Further details regarding the recording head, 
including the micropositioning transducer body discussed above, can be found in U.S. 
Application No. 10/342,920, entitled "Integrated Recording Head Micropositioner for Magnetic 
Storage Devices," filed January 13, 2003, which is incorporated herein by reference in its 
entirety. 

[054] Reference is now made to Figure 5, which shows the transducer body 42 from Figure 4 in 
isolation and in operational position with respect to a surface 52 of a magnetic medium 54, such 
as a rotating disk. As shown, the transducer body 42 resides at a fly height 56 above the 
magnetic medium surface 52. As explained above, the micropositioner 40 enables bidirectional 
movement of the transducer body 42 to occur according to actuation of one or both toroidal coils 
44 that are located on the slider body 32 (Figure 4). This enables movement of the transducer 
body 42 along two orthogonal axes x and z, as noted in Figure 5. For convenience, lateral 
movement of the transducer body 42 along the x-axis is referred to as track-to-track motion, and 
is characterized by motion of the body substantially parallel to the magnetic medium surface 54. 
Correspondingly, vertical movement of the transducer body 42 along the z-axis is referred to as 
fly height motion, and is characterized by motion of the body substantially perpendicular to the 
gq _ magnetic medium surface 52. The track-to-track and fly height motions of the transducer body 
q o 5 g § 3 42 are independent of any movement of the recording head, and hence the transducer body, by a 

Sh | H la H H 
r_ o < h *r 

% u w < E ^ 

£ 1 1 2 g g coarse actuator, such as the actuator assembly 18 shown in Figure 2. Thus, the transducer body 
2 g < 1 1 £ 42 is configured as having two degrees of motional freedom, as enabled by the micropositioner 
> 40 (Figure 4). When combined with the coarse motion offered by the actuator assembly, three 

degrees of motional freedom are achieved. As data is compressed to ever-smaller spaces on the 
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magnetic medium, precise movement of the transducer body about these degrees of freedom 
becomes increasingly critical to ensure that the data are properly accessed and/or recorded. 
[055] Reference is now made to Figures 6a and 6b, which show possible movements of the 
transducer body 42 under influence from the toroidal coils 44 (Figure 4), or other suitable driving 
apparatus. The toroidal coils 44 are driven by input signals U and i 2 . In one embodiment, signals 
ii and i 2 represent current biases, while in other embodiments, voltage biases can be used for 
each signal. For simplicity, the following discussion will use current bias. 
[056] Many movements of the transducer body 42 involve a combination of orthogonal 
movements in the track-to-track and fly height directions in response to the input signals ij and 
i 2 . This can result in movements of the transducer body 42 along directional lines di and d2, as 
shown in Figure 6a. Further, these motions can be affected by a plurality of factors. These 
factors are represented by the functions fj-f 4 as well as the bias currents // and i 2 , and are 
generally described by the matrices shown in Figures 6a and 6b. The calibration and positioning 
methods to be described further below are concerned with defining each of these functions frf 4 
to enable proper positioning of the transducer body during operation of the magnetic storage 
device. 

[057] In one embodiment, the calibration technique and analysis to be given herein can be 
§j _ simplified if the track-to-track and fly height motions are described in terms of a combination of 
q 1 5 g S 5 the two input signal /; and i 2 . This enables first order functions fj and f 4 to describe the motion of 

5 i b w H b 
" w < - 
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£ 1 1 2 § g the transducer body 42 in a combination of the orthogonal track-to-track and fly height motions. 

S Shis? 

M § < § g h For exam pl e > ^ is possible to assume in one embodiment that the micropositioner 40 generates 

r\ < ~ < 

00 

> inputs 1/ and i 2 such that a combination of ij+i 2 and ij-i 2 (or Vj+V 2 , V r V 2 ) is adequate to describe 

first order motions of the transducer body 42, indicated by the solid arrows in Figure 6b, largely 
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in terms of the track-to-track and fly height directions, as indicated by the dashed lines 58 in 
Figure 6b. In addition, smaller cross-term functions j/S and f$ are included to account for less 
influential factors, such as manufacturing imperfections, etc. These cross terms are represented 
in Figure 6b by the dashed lines 60, and will be discussed further below. 



1. Fly Height Actuator Calibration 

[058] Reference is now generally made to Figures 7a and 7b. In one embodiment, a method is 
disclosed to provide calibration data for accurately positioning the transducer body 42 (Figures 4, 
5) at a desired fly height with respect to the magnetic medium surface 52 (Figure 5). Generally, 
the method utilizes principles of thermal conductivity together with a relationship existing 
between the spacing of the transducer 43 in the transducer body 42 and the surface 52 of the 
magnetic medium. In Particular, a transducer, when electrically biased, possesses a certain 
amount of resistance. This resistance can be varied according to the proximity of the transducer 
to the magnetic medium surface 52, due to increased thermal conduction and/or radiation of heat, 
indicated at 62 in Figure 7a, from the transducer to the medium surface. The frequency response 
of this effect is very high, exceeding 100 kHz. Notwithstanding this, the amount of heat 
dissipated by the transducer 43 into the comparatively large magnetic medium 54 is typically 
3 _ such that it does not significantly affect the temperature of the magnetic medium , even when it 



O P 5 a j » 
n i 3 S 1 3 is at rest. 
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^ > < F >; 

£i|S§g [059] The effect discussed above is graphically represented in Figure 7b, wherein transducer 
3 1 < 8 o 2 resistance is plotted versus fly height of the transducer. As shown, transducer resistance 
^ decreases as fly height 56 decreases. Indeed, transducer resistance is minimized when the 

transducer contacts the surface of the magnetic medium, as indicated at R c . In contrast, 
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transducer resistance rises toward R«> as the fly height 56 increases. In practice, the analytical 
nature of this relationship is complex, given the geometries and multiple layers of materials 
involved in actual transducer implementations, as well as the competing effects of thermal 
conduction and radiation to the ambient surroundings when the transducer is positioned 
relatively far away from the magnetic medium surface vs. thermal transfer to the medium surface 
as the fly height 56 is reduced. The general relationship is represented by the following 
equation: 



where: 

ibias is the bias applied to the transducer element; 

FH is the fly height, or spacing between the transducer element and the magnetic medium 
surface; 

R is the measured resistance at a specified FH; 

Rao is the measured resistance at infinity (generally when FH > 1 micrometer), and is a 



R(FH 9 i bias ) = i?oo(W - [RoofibiJ - RcObiaJ] exp (-A *FH) 



(1) 



or, expressed another way: 



FH= {-In [(RaoObias) ~ R(FH, W / fafiuj ~ RcfiuJ) JJ/A 



(2) 




_ function of bias; 



medium surface; and 



A is a constant that is dependent on ambient temperature and bias. 



R c is the measured resistance at contact between the transducer element and the magnetic 
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[060] To determine the value of R c , and A, several steps can be executed. First, while 
maintaining the magnetic medium 54 stationary, the transducer 43 is biased, as indicated in 
Figure 7a by the arrows 64, and the absolute resistance is measured with no current (or voltage) 
applied to the micropositioner 40 (Figure 4), thereby maintaining the transducer body in a 
nominal position with respect to magnetic medium surface 52. The resistance measured in this 
step is recorded as R^. 

[061] Next, with the magnetic medium 54 remaining stationary, the micropositioner 40 is 
iteratively biased at a plurality of bias levels conforming to the bias pattern // + i 2 , ij = i 2 , 
wherein the magnitudes of bias inputs ij and i 2 are equal in each iteration, and the sum of the 
magnitudes varies with each iteration. Thus, in one iteration i 7 can equal 50mA and i 2 can equal 
50 mA to equal a sum of 100 mA; in another iteration, ij can equal 60 mA and i 2 can equal 
60mA to equal a sum of 120 mA. These iterations cause the transducer body 42 to be 
incrementally moved toward the surface 52 of the magnetic storage medium 54. This in turn 
causes the resistance in the transducer 43 to drop as it approaches the magnetic medium surface 
52. The resistance is minimized in the transducer 43 when the micropositioner 40 is biased to 
the point that the transducer body 42, and thus the transducer 43, physically contacts a flat 
portion of the magnetic medium surface 52. At this point, further biasing increases of the 
gq _ micropositioner 40 are halted and the transducer resistance is recorded as R c . 

Si s^i 

< ^ £ ^ 

n o 5 8 S < I° 62 l Reference is now made to Figures 8a-8d in describing subsequent steps that are taken to 

£ S < b * b 

£ * 1 3 1 £ d etern ri ne the slope A according to equations (1) and (2) above. Figure 8a shows a plurality of 
3 1 5 1 1 fj circular, ridge-lined depressions 66 that are formed on a portion of the surface 52 of the magnetic 
> medium 54. As shown in Figure 8b, each depression 66 creates a cavity in the magnetic medium 
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surface 52. The depression is bounded by a ridge 68. The ridge 68 is used as explained below to 
assist in the calibration of the fly height 56. 

[063] Figure 8c shows a cross sectional view of some of the depressions 66 formed according 
to one embodiment, wherein the ridges 68 of the depressions 66 progressively extend at greater 
distances above the magnetic medium surface 52, and the depressions correspondingly 
progressively extend at greater distances below the magnetic medium surface, as depressions 
following an arcuate line around the disk-like surface of the magnetic medium are inspected. For 
instance, Figure 8c shows the ridge heights varying from a height of approximately 60 angstroms 
to a height of approximately 160 angstroms. Though the description to follow assumes that such 
a ridge/depression arrangement as seen in Figure 8c is used, in other embodiments it is possible 
to use other configurations, such as that shown in Figure 8d, wherein the ridges and depressions 
are uniformly sized and shaped. Moreover, features having other shapes and configurations can 
also be used. 

[064] As shown in Figure 8a, the depressions 66 in this embodiment are arranged in an arcuate 
segment whose arcuate shape generally follows the concentric track pattern. In addition, the 
depressions 66 are arranged near an inner radius 70 of the magnetic medium surface 52. This 
configuration enables the recording head 30 (Figure 4) to be biased against an inner crash stop 
w _ (not shown) of the magnetic storage device, thereby offering stability to the recording head 

U ^ ^ j 00 

q © 5 g § 5 during the process discussed below. Alternatively, the depressions can be arranged near an outer 

r c/) < ' 



£ * 1 3 1 0 ra dius of the magnetic medium surface 52. 



£ © 3 □ 



Sl^llS I 065 ! Using the features of the magnetic medium 54 described above, the calibration process is 
> continued, wherein the magnetic medium 54 is spun up in the direction of the arrow, with the 

recording head 30 being positioned such that it is flown over the depressions 66, as shown in 
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Figure 8a. Multiple rows of the depressions 66 are arranged on the magnetic medium surface 52 
as shown in Figure 8a to ensure that at least some of the ridge-lined depressions 66 pass under 
the recording head 30 to account for small variations in build tolerances during the 
manufacturing phase of the magnetic storage device. 

[066] While the depressions 66 are spun beneath the recording head 30, the micropositioner 40 
is first biased at a minimum bias level at ij + i 2 , and it = 12, as before, to cause movement of the 
transducer body 42 slightly toward the magnetic medium surface 52. Resistance of the 
transducer 43 is then monitored as a function of passing over the plurality of differently-sized 
depressions 66 and ridges 68. 

[067] This process is iteratively repeated, with the micropositioner bias increased for each 
iteration, as was done in connection with the steps performed to find the variable R c above, 
thereby causing the transducer 43 to be successively brought into closer proximity with the 
spinning magnetic medium surface 52. For the initial iterations, no change in transducer 
resistance is detected, given the relatively large transducer-to-magnetic medium surface 
separation. For each iteration, a resistance profile is recorded. 

[068] After a certain number of iterations using the above process, a resistance change will be 
noted in the transducer 43 of the transducer body 42, which has been successively dropped near 
_ the magnetic medium surface 52 by way of iterative bias increases in ij and 12 that are supplied to 

1 £w| 

< £ i! s3 

I < o 1 x the toroidal coils 44 of the micropositioner 40 (Figure 4). The actuator bias level of each 

8 < t = b 

1 £ 2 5 fa iteration performed can be charted as a line on the graph, which depicts - In [(R^ - R) /( R^-RJJ 

o 5 J w u 

2 < 8 S 3 versus depression ridge height, as shown in Figure 9. This graph shows that, as the transducer 43 

£ o vo J 

< < 

passes over a ridge 68, the transducer resistance (R) changes based on the height of the ridge. In 
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short, the higher the ridge 68, the lower the resistance measured in the transducer 43, given that 
the transducer is relatively closer to the top of the ridge. 

[069] The vertical y-intercept of the graph shown in Figure 9 corresponds to the case when 
there is no bump and R is at its lowest value for the particular micropositioner bias. At the 
horizontal x-intercept, by contrast, In f(R m - R) / (Rao - R<)] = 0. Since, by definition, ln{\) = 0, 
any of the lines in Figure 9 will cross the x-intercept line when (R^ - R) / (R^ - i?J = 1, which 
occurs when R = R c . Thus, the x-intercept corresponds to the case when at least one of the ridges 
68 is high enough to physically contact the transducer 43. The height of such a ridge, then, 
corresponds to the fly height 56 of the transducer 43 above the magnetic medium surface 52. 
[070] The graph depicted in Figure 9 can be created in one. embodiment once three 
measurements of a changing transducer resistance have been observed at each micropositioner 
current bias level. The measurements are represented as data points in Figure 9. Then, a 
regression is performed to fit a line to the data points corresponding to the various 
micropositioner current bias levels. The regression-produced lines enable the slope (A) and y- 
intercept to be extrapolated for each level of micropositioner current bias. 
[071] The fly height can also be extrapolated from the graph of Figure 9 that is produced by 
following the above steps. The fly height 56 of the transducer 43 is represented on the graph of 
w - Figure 9 by the horizontal x-intercept. To determine the x-intercept, the standard point-slope 
Q 1 3 g § 5 f orm of a line is used: y = mx + b, where m is the slope and b is the y-intercept. Solving for x y 

£2 p < h rc ^ 

, H « < 



£ 1 g g g fa the equation becomes: x = - / w. At the x-intercept, j; = 0 and the general equation is: x = 
1 < 1 1 h "^ >/ ' w - Applying this to the graph of Figure 9, the equation becomes x=-b/A. Thus, the flying 

a< 2 *° j * 

height 56 corresponding to a particular micropositioner current bias is equal to the negative value 
of the y-intercept divided by the slope (/I). This extrapolation method allows transducer fly 
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height vs. micropositioner current bias to be determined without risking contact between the 
transducer and the magnetic medium surface, thereby avoiding damage to the transducer. 
[072] The transducer resistance measurement and regression analysis detailed above can be 
repeated for each increasing micropositioner current bias levels until a fly height is achieved in 
the range approximately between 0 and 100 angstroms. 

[073] The graph and data represented in Figure 9 can then be used to create a fly height vs. 
actuation bias current table, as shown in Table 1 below. Table 1 represents pertinent data 
relating to five current biases, wherein each bias current shown in the table is the sum of bias 
currents // and 12 that are input to the micropositioner 40 (Figure 4). Though the table shows 
only five bias current entries, a larger number than this can be acquired in order to improve 
calibration accuracy. It is noted that a similar process can be followed using ridges and 
depressions that are uniform in size, as in Figure 8d. 
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275.7603 
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-0.01185 


2.7745 


234.135 


232.9555 


Average 


-0.011913 









Table 1. Fly Height vs. Measured Micropositioner Bias Currents 



[074] The processes spoken of in this section can be used to solve equation 2 above, thereby 
relating transducer fly height to the plurality of variables described therein. 
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[075] In one embodiment, equation 2 above can also include a weak function relating to the 
radial position of the transducer 43 with respect to the magnetic medium surface 52, due to 
factors such as skew angles involved in moving the recording head above the magnetic medium 
surface. These effects can be taken into account in one embodiment by performing the 
calibration methods described in this section at both an outer and intermediate radius of the 
magnetic medium surface 52, in addition to the inner radius. Figure 10 illustrates the magnetic 
medium surface 52 including a plurality of regions of ridged depressions 66 dispersed at various 
radial distances from the center of the magnetic medium surface to enable calibration methods to 
be performed at various selected radial distances. 

[076] More generally, it should be appreciated that the possible motions of the transducer body 
42 (Figure 4) can be defined in terms of multiple functions. Specifically, motion of the 
transducer body 42 can be described by a first, stronger function related to one of the orthogonal 
direction, such as the vertical fly height direction, and a second, weaker function related to the 
other orthogonal direction, such as the horizontal track-to-track direction. The characterization 
of transducer body movement in terms of these functions can simplify the equations of motion 
needed to fully describe such movement. For example, for the transducer body 42 of Figure 6b, 
the motions can be written to a first order as functions of ij+12 (11=12) for flying height, and U-i 2 
- (ii—ii) for track-to-track motions. So configured, a transfer function matrix can be defined and 
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[077] where T denotes track-to-track motion and FH denotes the flying height. Solving 
equation (3) yields: 



T =fi(ii-i 2 ) +f 2 (ii+ii); and (4) 

FH =fs(iri 2 ) +f 4 (ii+i 2 ). (5) 

[078] Equations (4) and (5) are useful in describing motion of the micropositioner in those 
cases where such motion is not ideal, i.e., where motion predominately occurs in one direction 
(represented by functions f } and f 4 in equations (4) and (5), respectively, but includes at least 
some motion in the orthogonal direction (represented by functions f 2 and fs in equations (4) and 
(5), respectively). Note that, for reference, equation (2) discussed above primarily defines 
function f 4 of equation (5), in one embodiment. In those cases where micropositioner motion is 
ideal, such as in the case of a perfectly aligned micropositioner, the value of functions f 2 and f 3 is 
zero. 

[079] It is noted that each of the functions f-f 4 is non-linear, is dependent upon //, i 2 , and r (the 
radius of the magnetic medium 54), and has a weak dependence on temperature and pressure (0, 
§ _ P). In addition, functions f 2 and fs are of second order or higher. 
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£ 1 1 g 1 1 2. Calibration for Track-Track Motion 

I < § S 3 [0*01 With continuing reference to Figure 10, reference is now made to Figure 11. As with fly 
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£ height calibration, calibration of track-to-track motion of the transducer body 42 can be 

performed in accordance with embodiments of the present invention to ensure precise 
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positioning of the transducer 43 (Figure 4). Track-to track calibration is performed in connection 
with one or more sets of a plurality of magnetic bits 101 that are written to the magnetic medium 
surface 52. As shown in Figure 10, the magnetic bits 101 are written with a tight tolerance write 
head during manufacture of the magnetic medium 54 as to be grouped in sets that are located in 
various regions of the magnetic medium surface 52. In one embodiment, these bits are pre- 
written during media manufacturing, using a tight tolerance write head. Each set of magnetic 
bits 101 is positioned in a slanted configuration across the magnetic medium surface 52 such that 
each bit is offset from adjacent bits. Figure 11 shows this arrangement, wherein a 10% offset is 
used between adjacent bits. In addition, the sets of magnetic bits 101 in one embodiment are 
interposed between sets of depressions 66 that are also defined on the magnetic medium surface 
52. Alternatively the magnetic bits can be written to the magnetic medium surface as to be atop 
or adjacent to the depressions 66. Also, each set of magnetic bits can be preceded by a clock bit 
111. In any of the above cases, the shape and spacing of the magnetic bits 101 are well defined 
in order to enable the calibration to take place. 

[081] In calibrating the track-to-track transducer body motion with respect to the magnetic 
medium surface 52, a safe fly height is determined for a combination of micropositioner current 
bias inputs iy+ij, using the calibration data from section 1 above. While holding the safe fly 
w _ height and its corresponding bias inputs fixed, a selected set of the magnetic bits 101 are read 



H oSg§5 from the magnetic medium surface 52 while iteratively varying the micropositioner bias currents 

S 1 5 w H ^ 

£ i 1 2 o g conforming to the bias pattern i r i 2 wherein the sum of the bias magnitudes of inputs ij 

ilgiia 

3 g < S o h m ^ *2 ls helci fixec * ( w hich corresponds to the safe fly height), while the magnitude of each input 

Ou * 2 ° J 

> is inversely varied with respect to one another in order to maintain the sum of the inputs 

constant. Thus, in one iteration ij can equal 50mA and i 2 can equal 50ma to equal the constant 
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sum of 100mA. In another iteration, // can equal 40mA while 12 can equal 60mA to equal the 
constant sum of 100mA. In the first iteration, fluctuations of the voltage amplitude in the read 
head (not shown) of the transducer 43 (Figure 4) can be recorded as the set of magnetic bits 101 
are read by the read head while the transducer body is maintained at a specified track-to-track 
position by the biased micropositioner 40 (Figure 4). 

[082] In each subsequent iteration, successive voltage amplitude drops in the transducer 43 as it 
reads the passing magnetic bits 101 are recorded in accordance with the new bias current setting 
of the micropositioner 40, wherein each new bias current setting re-positions the transducer body 
42 in the lateral track-to-track direction. These data relating to voltage amplitude variation in the 
read head as it reads each of the bits or bit portions (depending on the position of the read head 
with respect to the bit) can then be charted as shown in Figure 12 to determine the total track-to- 
track distance moved. These data in turn provide an absolute calibration between 
micropositioner bias current and the track-to-track motion of the transducer 42 with respect to 
the magnetic medium surface 52. 



3. Other Calibrations 

[083] The functions // and f 4 of equations (4) and (5), respectively, are first order functions and 
w - are largely controlling in describing the track-to-track and fly height motions. In contrast, the 

^ < £ % eu 

q o 5 S 1 < functions f2 and fa are cross functions having less influence on these motions. The cross function 
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7|w2o-/2 can be determined in one embodiment by repeating or combining the measurements taken 
2 1 5 8 1 3 above. In particular, the cross function, as shown in the matrix equation of Figure 6a and 
> described in equation (4), can be determined by measuring resultant track-to-track motions by 
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varying the value of ii+i2 9 where ij=i2 9 by using the track-track calibration method discussed 

above. In this embodiment, ij=i 2 so as to cancel out the function fj in equation (4). 

[084] Similarly, the cross relationship f 3y as shown in the matrix equation of Figure 6a and 

described in equation (5), can be determined by performing the fly height calibration procedures 

described above while varying i r i 2 , where i } =-i 2 so as to cancel out the function f 4 in equation 

(5). 

[085] Reference is now made to Figure 13. In one embodiment, the widths of the data head 
writer and reader of the transducer 43, as well as the offset between the data head reader and 
writer, can be determined by writing a series of offset bits with the head writer to a specified 
location on the magnetic medium surface 52, while positioning the transducer by biasing the 
micropositioner 40. Once written, the offset bits are then read by the head reader of the 
transducer 43, and the results are recorded, as shown in Figure 13. To improve the accuracy, the 
full calibration values as determined in the previous sections above and represented in equations 
(4) and (5) can be used in this process, wherein the micropositioner motion is first calibrated in 
terms of /} - f 4 . This process significantly improves read width and write width determination 
accuracy over known methods, which use only the coarse actuator for such determination. 



w - 4. Intermediate Radii Fly Height Calibration 

Q i j £ § < [086] The fly height transfer functions shown in equation (5) may possess a relatively greater 

Z 8 w < X - 

55 1 1 S | g dependence on radial transducer position with respect to the magnetic medium surface than the 



o < K ^ 

; § | ^ track-to-track transfer functions shown in equation (4). This is due to the fact that the fly height 



p < 35 



^ is highly non-linear and depends on such factors of air bearing stiffness, yaw angles, etc. This is 

dealt with in one embodiment by defining multiple regions of depressions 66 on the magnetic 
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medium surface 52, as shown in Figure 10 and briefly described above. As such, the flying 
height dependence on radius is accounted for, and the function f 4 of equation (5) can be defined 
as an interpolation function along the radius of the magnetic medium surface. 
[087] In contrast, the track-to-track transfer functions shown in equation (4) possess a nearly 
linear relation from the inner diameter to the outer diameter of the magnetic medium surface 52, 
and may be extrapolated as such. However, in one embodiment a calibration for track-to-track 
motion can be enhanced by defining a plurality of zones of magnetic bits 101 at various radial 
distances from the center of the magnetic medium surface 52, as shown in Figure 10, to be used 
in connection with track-to-track calibration described in section 2 above. This procedure is 
challenged by the fact that coarse actuation of the recording head 30 (Figure 4) must be actively 
driven at intermediate radial distances to remain on intermediate tracks, which substantially 
complicates actuation of the micropositioner 40 in aligning the transducer body 42 (Figure 4). In 
one embodiment, this challenge is resolved by employing parallel recording heads, wherein one 
recording head is used to read the intermediate magnetic bits 101, while the other recording head 
is used to maintain the desired position with respect to coarse actuation. 



5. Environmental and In-Use Calibration 
w « [088] Reference is now made to Figures 14 and 15. In one embodiment, the calibration 



q 1 2 S 3 < rout i nes described in the above sections can be run in operating environments having multiple 

£ 8 < t x 

£ |wSo^ temperatures to determine the dependence of a function fi and A (see equations (2), (4), and (5)) 

M I < 1 1 2 on temperature. Corrections based on either a fit algorithm or a look-up table can then be used to 
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on 

> interpolate or extrapolate the correct micropositioner bias based on a given temperature. An 

example of the resultant data curve from such procedures is shown in Figure 14. 
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[089] In another embodiment, the calibration routines described in the above sections can be 
performed at multiple pressures to determine the dependence of fi and A on pressure. This can be 
accomplished by, for example, putting the drives in a pressure chamber. Corrections either 
based on a fit algorithm or look-up table can then be used to interpolate or extrapolate the correct 
actuation inputs based on the pressure. Note that both track-to-track and fly height calibrations 
are only weakly related to pressure, and are not likely to require significant corrections based on 
pressure, especially given the fact that equation (2) is largely based on transducer resistance. 
[090] In one embodiment, periodic recalibrations of fly height and track-to-track motions can 
be performed during the operational lifetime of the magnetic storage device to ensure that 
previous factory or other calibrations are accurate in order to continue providing optimum in- 
service performance over time. These recalibrations can be designed to occur at periods of 
inactivity, as monitored by a preset algorithm. The readings from each calibration can also be 
stored in memory to enable subsequent trending and analysis and to predict changes in the 
mechanical performance, as shown in Figure 15. 

[091] For example, if debris collection inadvertently collects on the recording head, the 
recording head can be altered in its fly height, thereby causing unintended alterations to fly 
height characteristics. Given that the micropositioning system utilized in connection with the 
w - present invention as disclosed herein can be configured as a self-calibrating device over a range 
q 1 3 h § < °f Ayi n g heights, the present invention is substantially more sensitive to changes such as that just 
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^ w w < h >: 

£ 1 1 g § t described, thereby enabling it to alter its settings to correct any problem conditions and ensure 
2 g < 1 1 ^ correct fly height and track-to-track operations. Note that this is in direct contrast to known 
> drives, where read-back performance is only monitored, and not controlled. 
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6. A Sample Algorithm 

[092] Once the calibrations described in the previous sections have been completed, the desired 
fly height and track-track offset can be controlled during normal disc operations. For example, 
to describe a simple proportional, integral, differential (PID) algorithm, considering only a 
differential function, the following can be performed: 



h t=i = (iri2)t=J = (irh)t=o +fi(U, ii) x (T A - T T ) ^fi(iu ii) x(R- R T ) (6) 

h t=i = (ii+i 2 )t=i = (ii+ii) t =o +fs(ii, W x (T A - T T ) +f 4 (i lt i 2 ) x(R- R T ), (7) 

i/,./ = (h + 1 2 ) / 2 (8) 

i2t=i = (Ii-h)/2 ) (9) 



where /, are inversions of the functions f ( defined earlier, and are functions of absolute settings 
of ij and i 2 , radius and temperature, and T A , T Ti R and R T are the actual and targeted track-to-track 
and transducer resistance values (for fly height), respectively. 

[093] It is appreciated that, in other embodiment, more complex algorithms using the measured 
and interpolated information could be formed for more accurate fly height spacing and track-to- 
§j _ track positioning control. Also, other, more complex expressions can be used in conjunction 

§§<o|x with equations 6-9 to include integrated or differentiated motions, if desired. 

£ 8 < % a b 

55 * | £ S g [094] The present invention may be embodied in other specific forms without departing 
2 § 5 II ^ fr° m i ts spirit or essential characteristics. The described embodiments are to be considered in all 

o < ^ 

^ respects only as illustrative, not restrictive. The scope of the invention is, therefore, indicated by 
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the appended claims rather than by the foregoing description. All changes that come within the 
meaning and range of equivalency of the claims are to be embraced within their scope. 
What is claimed is: 
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